Introduction
In the last decade the penetration of renewable energy into the global energy market has been increasing constantly. In March 2007, the European Union targeted 20% renewable energy for year 2020 [1] , in which small scale units (less than 100 MW) play an important role. Although the major contribution is expected to be provided by wind and solar power, biomass is also going to play a key role in the future scenario. However, current biomass utilization for electric generation can further be improved in terms of thermal efficiency. Small scale steam cycle plants with electric power outputs of 10-20 MW have efficiencies of around 25-28%, while at smaller scale (5-1000 kW) organic Rankine cycle plants (ORC) and Stirling engines can be used, which also have efficiencies up to 30%.
Technologies based on wood gasification have already reached the market. They enable the conversion of lingo-cellulosic biomass into a gaseous medium that may be utilized for electric power generation combined with a fuel cells plant [2] . For example, [3] employed a fixed bed gasifier with a compact cogeneration system to cover the electrical and thermal demands in a rural area and showing an energy solution for small social communities using renewable fuels. In [4] , a downdraft wood gasifier is used to produce wood gas which then burns in an internal combustion engine for cogeneration purpose. Pierobon L., Rokni M., Larsen U. and Haglind F., 2013, "Thermodynamic analysis of an integrated gasification solid oxide fuel cell plant with an organic cycle", Renewable Energy, Vol. 60, pp. 226-234.
Solid oxide fuel cell (SOFC) is an electrochemical reactor currently under development aimed at power and heat generation application. SOFC can be fed with many different gaseous fuels such as methane, natural gas and syngas. Due to the high operating temperature, light hydrocarbon fuels, (e.g. methane) can be internally reformed within the cell through reforming and water-gas shift reactions. Such high operating temperature has also been the biggest obstacle for commercialization of SOFC.
In the literature many combinations of SOFC and conventional power plants are demonstrated, for instance, in [5] for producing combined heat and power and in [6] with internal biomass gasification. Characterization, quantification and optimization of hybrid SOFC and gas turbine systems were studied in [7] and [8] . In [9] a hybrid plant producing combined heat and power from biomass by use of a two-stage gasification concept, SOFC and micro gas turbine was considered.
In hybrid SOFC and gas turbine plants the stacks must be pressurized in an extremely large vessel (depending on the size of the plant which is usually in MW class). This practical problem is diminished in hybrid SOFC and ORC or steam cycle systems, because the stacks work at atmospheric pressure. In addition, the manufactures are trying to decrease the operating temperature of the fuel cell stacks. Hence, the system would be more attractive with a steam or an organic cycle. The investigations on combined SOFC and steam cycle were prestudied first by [10] , while [11] and [12] presented an integrated system consisting of an SOFC and steam plant fired by natural gas with a thermal efficiency of 62%. A triple hybrid plant fueled by woodchips based upon gasification plant, SOFC and steam cycle is analyzed and optimized for electric power production in [13] . A reasonable size for such a biomass plant is of around 5-50 MW requiring a cultivation area of 20-125 km 2 [14] . At smaller scales (less than about 500 kW), the steam turbine isentropic efficiency decreases significantly which then in turn adversely affect the plant efficiency to sharply decrease. In addition, choosing an appropriate steam live pressure to avoid high moisture content at turbine outlet and thereby avoiding blade corrosion would be challengeable. This issue can be eluded by replacing the bottoming cycle with an organic ("dry") fluid cycle. Furthermore, at small-scale applications (<1 MW), ORCs have a number of advantages with biomass applications such as higher thermal efficiency in full and part-load as well as higher compactness, as reported in [15] . Previous investigations, [16] presented an energetic performance analysis for a combined power generation system fed by methane consisting of SOFC and ORC running with R113. In [17] the integration of SOFC and ORC is proposed for trigeneration applications, in which n-octane was selected as ORC working media and the plant was again fuelled by methane. Such solution was also considered for use on onboard ship by [18] with an electric power production of around 250 kW e .
The present paper aims at presenting an advanced system for electric conversion of woodchips, in which a detailed gasification plant model utilizing a mixture of steam and air as oxidant is utilized. The gasification model is based on the Viking gasifier currently in operation at the Technical University of Denmark. The gasification plant is coupled with the SOFC system and the ORC, and the target for net power production is set to 100 kW e based on cultivation area requirements. More than a hundred working fluids for the organic Rankine cycle are screened using the genetic algorithm (GA). The optimization variables and the thermodynamic parameters are selected based, not only on thermal efficiency but also on safety, availability, health and environmental issues. Moreover, the plant is compared with the existing technologies, utilizing conversion of woodchips to electric power. In this paper the modeling approach is described in section 2. The plant layout is presented in section 3 and full results about the optimization process and system performance are reported in section 4. Results are discussed in detail in section5. Finally, in section 6 the main conclusions are outlined.
The plant presented here is named as integrated gasification SOFC and organic Rankine cycle (IGSORC). Such a concept is new and has not been studied previously. The objective of this study is to theoretically demonstrate that such a combined biomass-based energy generator offers advantages of high thermal efficiency compared to traditional power generators, but needs further development prior to industrial application, especially with respect to the fuel cell.
Methodology
The present section introduces first (subsection 2.1) the simulation tool utilized for the calculations. The optimization procedure is then described in subsection 2.2. Finally, subsections 2.3 and 2.4 illustrate the gasification and SOFC models.
Dynamic Network Analysis
Dynamic Network Analysis (DNA) is a simulation tool used for energy systems analysis [19] . It is the present result of an ongoing development at the Department of Mechanical Engineering, Technical University of Denmark, which began with a Master's Thesis work in 1989 [20] . Since then the program was developed to be generally applicable for covering unique features, and hence supplementing other simulation programs. In DNA the physical model is formulated by connecting the relevant component models through nodes and by including operating conditions for the complete system. The physical model is converted into a set of mathematical equations to be solved numerically. The mathematical equations include mass and energy conservation for all components and nodes, as well as relations for thermodynamic properties of the fluids involved. The program includes a component library with models for a large number of different components existing within energy systems. Components are modeled with a number of constitutive equations representing their physical properties, i.e. heat transfer coefficients for heat exchangers and isentropic efficiencies for compressors and turbines. Steady state (involving algebraic equations), dynamic (involving differential equations) simulations and exergy analysis can be conducted. The fluid library has been recently extended by linking DNA with the commercial software REFPROP 9 [21] . The source code, provided under license in FORTRAN language, is compiled together with DNA to form unique software, in which more than a hundred real media including hydrocarbon fluids are now available. The thermodynamic properties at the critical point of the working fluids relevant for context of present study as well as health hazard (HH), fire hazard (FH) and physical hazard (PH) according to the HMIS (Hazardous Materials Identification System) are listed in Table A1 in appendix A. As seen in the table, a significant amount of fluids are considered in this study, more than 100 fluids. Due to environmental concerns some fluids are phased out such as R-11, R-12, R-113, R-114 and R-115. Some other fluids are going to be banned in 2020 or 2030 for example R-21, R-22, R-123, R-124, R-141b and R142b [22] and therefore, these media are excluded from this study.
The optimization procedure
To search for the optimal organic media an optimization method is required. This is achieved by using the benefits of genetic algorithm. These benefits can be mentioned as; avoiding the calculation of derivatives and also its capability of searching for the global optimum [23] . In the GA an initial population of strings is created in which a single string stands as a possible solution to a specific task. Each solution is then evaluated by means of an objective function. A portion of the initial populations is maintained based on certain operation probabilities for crossover and mutation to produce a new generation. Fitter strings replace the poorer strings in order to improve the overall fitness of the objective function. In the present case the objective function is the thermal efficiency of IGSORC and the two optimization variables are the ORC working fluid (an integer corresponding to a specific fluid in the DNA library) and the maximum pressure in the organic loop. The GA method is included in the MATLAB 2012a optimization toolbox, therefore, MATLAB and DNA are linked together to perform the optimization procedure as shown in Fig. 1 . In MATLAB environment, the GA sets the optimization variables (working fluid and maximum turbine inlet pressure) to be investigated, see Fig. 1 . Subsequently a preliminary test is performed to check the consistency of these two inputs with the constraints to be specified in the model. If the test is not passed the thermal efficiency is set to zero and the GA starts a new iteration, otherwise the plant will be simulated in DNA. Then DNA gives a signal to GA that the thermal efficiency is calculated and GA chooses a new set of optimization variables and a new iteration will be started. This procedure will be continued until the optimized values are found. To be noted that the GA parameters are set as the default values, i.e. population size 20, generation size 100, crossover fraction 0.8 and migration fraction 0.2.
The following constraints are specified for the preliminary test: a) It is verified that minimum and maximum pressure and temperature are within the limits for which the thermodynamic properties of the fluid can be calculated; b) Since the analysis is limited to subcritical ORC, if the critical pressure is lower than the maximum pressure imposed by the GA a zero thermal efficiency is returned; c) The lowest ORC pressure, corresponding to the temperature at the saturated liquid state, is calculated; a test on this variable is performed when a lower limit is set; d) If the pressure input from the GA is lower than the lowest ORC pressure a zero thermal efficiency is returned; e) Health, fire and physical hazards of the fluid are compared to the maximum allowable values; if one of the three hazards exceeds the limits the thermal efficiency is set to zero.
Gasifier modeling
To model the gasifier a general Gibbs reactor is used, meaning that the total Gibbs free energy has its minimum when the chemical equilibrium is achieved [24] . This characteristic is used to calculate the outlet gas composition at a specified temperature and pressure without considering the reactions paths. An option for adjusting the CH 4 level in the equilibrium composition is included which can be used to calibrate the product gas compositions against the experimental results. Such modeling procedure is general and can be used for any type of gasifier as long as the syngas compositions from the considered gasifier are known. Further details can be found in [13] .
The gasification process used in this study is based on the two-stage Viking gasifier. It is a 75 kW th gasifier which was built in 2002 at Risø-Technical University of Denmark and results are reported in [25] . The pyrolysis and gasification processes are divided into two separate reactors, as shown in Fig. 2 . Wet biomass (woodchips) is introduced into the first reactor where drying and pyrolysis take place before the pyrolysis products (600°C) are fed to the second reactor; a downdraft fixed bed char gasifier. The exhaust gases from the gasifier are then used to heat the reactor for drying and pyrolysis (see the steam loop in Fig. 2 ). Between pyrolysis and char gasification, partial oxidation of the pyrolysis products provides the heat for the endothermic char gasification reactions. Chars are gasified in the fixed bed while H 2 O and CO 2 act as gasifying agents in the char gasification reactions. The Viking gasifier operates nearly atmospheric pressure.
Solid oxide fuel cell modeling
The SOFC model used in this investigation is based on the work presented in [26] . For the sake of clarity it is shortly described. The model computes the efficiency of the cell by means of Eq. (1).
where the utilization factor U F is assumed as parameter while the reversible efficiency η rev is the maximum theoretical efficiency expressed in Eq. (2) as the ratio between the change in Gibbs free energy The voltage efficiency η v is a measure of the electrochemical performance of the SOFC and it is defined as
where E is the Nernst potential and ΔV act , ΔV ohm and ΔV conc are the activation, ohmic and concentration voltage losses.
The activation overpotential is due to an energy barrier (activation energy) that the reacting species must overcome in order to drive the electrochemical reactions. The activation overpotential of each electrode is a non-linear function of the current density and is usually expressed by the Butler-Volmer equation [27] . The total activation overpotential in this model is hereby defined as the sum of the activation overpotential of each electrode, anode and cathode.
The ohmic overpotential is caused by the ohmic resistance towards the oxygen ions passing through the electrolyte and the electrons passing through the electrodes and interconnects. The ohmic overpotential is dominated by the resistance in the ion conducting electrolyte. The temperature-dependent correlation for the ionic conductivity of the electrolyte is taken from, see e.g. [28] .
The concentration overpotential is a result of the limitations of diffusive transport of reactants and products between the flow channel and the electrode-electrolyte interface. The effect is increasing with current density and at a certain current density limit this transport of species is not fast enough to feed the electrochemical reactions taking place and the partial pressure of reactants at the electrode-electrolyte interface approaches zero. The anode and cathode current density limits are different and they are dependent on microstructural characteristics of the respective electrode and operating conditions of the SOFC, see e.g. [28] .
Plant Configuration

Integrated gasification, solid oxide fuel cells and organic Rankine cycle (IGSORC)
The combination of the gasification process with SOFC and ORC results in the plant configuration presented in Fig. 2 . Wet woodchips with 33.2% moisture content (molar base) are supplied to the two-stage gasification plant for wood gas production. The first reactor accounts for the drying and pyrolysis processes while the second reactor is a fixed bed gasifier. The drying process is crucial when it comes to decrease woodchips moisture content. Herein the woodchips moisture is decreased to 0.5% from the original 33.2%. As reported in [29] , the product gas is pure enough to be fed to the SOFC cells without any problem. However, in this study a simple hot gas cleaner is used to remove the small amount of sulfur which may exists after the gasifier. The operating temperature of the desulfurizer is assumed to be about 240°C. The cleaned wood gas is then preheated in a heat exchanger (AP; anode preheater) to 650°C before entering to the anode side of the SOFC stacks. The operating temperature of the SOFC stacks as well as its outlet temperatures is assumed to be 780°C. The burned fuel after the stacks is used to preheat the incoming fuel to the anode preheater. On the other side of the fuel cell, air is compressed and preheated in a heat exchanger (CP; cathode preheater) to 600°C before entering the cathode side of the SOFC stacks. Due to utilization factor of the SOFC cells, some fuel is still left after the anode side of the SOFC stacks. The off-fuel together with the off-air coming out of the cathode side is thus sent to a burner for further combustion. The off gases from the burner are sent into an intermediate heat exchanger (IHE) wherein DOWTHERM Q is used as an intermediate fluid for heat transfer. The absorbed heat is then conveyed to the ORC through the heat recovery steam generator (HRSG) consisting of three heat exchangers of super heater (SUP), evaporator (EVA) and economizer (ECO). The organic fluid is first heated up to saturated liquid in the economizer, then vaporized in the evaporator and finally superheated before expanding in an ORC turbine. An internal recuperator is added into the ORC cycle to preheat the liquid produced after the condensation and pumping processes using the exhaust vapor after the turbine. Such technique is proved to increase the system performance, see e.g. [30] . It can be noted that the energy of the off-gases exiting the IHE is further utilized in a hybrid recuperator (HR) to preheat the compressed air prior to SOFC and therefore recycling the off-heat back into the system and increase the plant efficiency accordingly, as described in [12] . 
Size of the plant
When biomass is used as energy source restriction due to cultivation area must be considered. To calculate the area of cultivation needed by a generic biomass to produce a certain amount of electric power the following equation can be adopted The dimension for the calculated cultivation area, A cultivation , would be in km 2 . The dimensionless coefficient k larger than unity is included in order to consider additional occupied area such as new planted trees, non-grown plants, streets, etc. In order to be on the safe side, k = 4 was assumed in this study. If P el = 100 kW and plant = 0.55 [16] , [17] , [18] then the corresponding cultivation area would be about 0.46 km 2 .
The properties of woodchip are assumed to be the same as reported in [25] namely; C = 48.8%, O = 43.9%, H = 6.2%, S = 0.02%, N = 0.17% and ashes = 0.91%. The validity of the gasifier model with these compositions was studied in [13] . Depending on the time of the year moisture content up to 60% can be encountered resulting in decreased plant power input. In calculations a dried based lower heating value of 18.28 MJ/kg and a heat capacity of 1.35 kJ/kgK are assumed [25] . A moisture content of 33.2% is then added on top of these values leading to a humid based lower heating value of 11.4 MJ/kg. Moisture content has major effect on heating value of the fuel and therefore it has a significant effect on plant performance in terms of efficiency and power production. Such effect was investigated by [31] in detail and therefore will not further be studied here. For additional information the reader is referred to [31] . A major parameter is the ash content that may cause high cost of disposal along problems associated with fouling and corrosion of the fluid-bed gasifier that could occur when chlorine and sulfur traces are present which have the capability of forming hydrochloric and sulfuring acid [14] .
3.3Intermediate loop
The ORC working fluid is typically a carbon-or hydrogen-based media. Off gases exiting the SOFC cathode has a substantial oxygen content which implies that a direct heat exchange with an organic media could substantially increase the risk of fire or explosion in case of leakage. To avoid this issue an intermediate loop is placed between the ORC and the heat source (c.f. Fig. 2 ). Furthermore, this solution enhances the thermal inertia of the bottoming cycle facilitating start up and part-load operations. In the present study a glycol-based fluid named DOWTHERM Q is selected as the intermediate fluid. It presents better thermal stability, low viscosity and higher heat transfer coefficient compared to hot oils [32] . DOWTHERM Q is modeled as an incompressible fluid for which the detailed equations are reported in [33] . Table 1 lists the main parameters assumed in the simulations. It can be noted that the same amount of woodchips (0.016 kg/s), i.e. cultivation area, is considered. Such assumption equalizes the energy input in the system when different fluids are investigated. It must be noted that the upper and lower temperature limits of DOWTHERM Q fluid are 360°C and -35°C respectively. A prudential value of 335°C is assumed for the maximum temperature, while no problems are encountered for the low temperature. As reported in [15] , the turbine inlet temperature must not exceed 600 K (327C) to ensure the chemical stability of the working fluid which implies that the temperature of the organic fluid at the superheater outlet shall be fixed to 320°C. Maximum process pressure is limited to 20 bar to reduce safety measures and material expenses [15] , [30] . Considering the size of the plant the turbine isentropic efficiency is set to 80% and the mechanical efficiency of the pump is fixed at 80%. [30] . Using the parameters listed in Table 1 along with the description in subsection 2.2, the GA is initiated by fixing the maximum pressure range (1-20 bar), together with the maximum health hazard (<3), fire hazard (<4) and physical hazard (<2). The fluid number, which corresponds to a specific fluid in the DNA library, varies from 101 (acetone) to 171 (RC318). Two optimizations are performed: the first one does not have any restriction in the minimum pressure while the second one sets the lower limit to 0.05 bar according to [15] . When a temperature of 25°C is imposed at the condenser outlet, then different minimum pressures for each organic fluid are obtained. The lower the pressure is, the more challenging and expensive it would be to avoid the introduction of air in the organic loop. Limiting the minimum pressure to 0.05 bar enhances the feasibility of the plant, although some fluids that are more suitable, may be excluded during the preliminary test operation (see subsection 2.2).
Results
Screening of working fluids
Without restriction on minimum pressure of ORC cycle
Having no restriction on minimum pressure of ORC cycle, the results are presented in Table 2 . The best three candidates are identified as propylcyclohexane, decane and nonane, among which the highest plant efficiency of 56.4% is achieved by propylcyclohexane as organic fluid with optimal turbine inlet pressure of 15.9 bar. However, the other two best candidate, decane and nonane could also be used as working fluid in the ORC loop with plant efficiencies that are slightly lower than the one with propylcyclohexane, (0.2%-points respective 0.4%-points lower). Figure 3 shows the temperature vs. heat exchanged between the off gases and the best three working fluids nominated for the ORC loop. Heat is first transferred from the off gases to the intermediate loop and thereafter from the DOWTHERM Q to the bottoming cycle. Propylcyclohexane presents the highest mean thermodynamic temperature (as shown in Table  2 ), and therefore the Carnot efficiency with this fluid is maximized. This benefit allows for achieving the highest overall thermal efficiency of the plant. Propylcyclohexane, decane and nonane have a high critical temperature of 630.8K, 617.7K and 594.6K respectively (see Table A1 in appendix A). Hence for a given inlet turbine pressure, a higher evaporation temperature can be obtained, which in turn allows the heat to be provided at higher temperature level and consequently the Carnot efficiency will be enhanced. In this sense the importance of the hybrid recuperation will be crucial. In fact, even if the temperature of the off gases exiting the IHE is high (300-350°C), the heat will be recycled back into the plant through the hybrid recuperator instead of being wasted to the ambient. 
With restriction on minimum pressure of ORC cycle
In the second simulation the condensation pressure is limited to 0.05 bar. The detailed results are reported in Table 3 . In this case, the best ORC fluid is cyclohexane with an optimal turbine inlet pressure of 20.0 bar. The system performance is 55.2%. The second and third preferable alternatives are hexane and cyclopentane, as shown in Table 3 . Table 3 .Optimal fluids and maximum ORC pressure for the integrated gasification, SOFC and organic Rankine cycle. Lowest minimum pressure in the organic loop is set to 0.05 bar. The critical temperatures for cyclohexane, hexane and cyclopentane are 553.6K, 507.8K and 511.7K respectively. Figure 4 shows the temperature path of the organic media and the respective off-gas for the three fluids versus heat exchanged (T-Q diagram). Highest thermal efficiency and net power output are obtained with cyclohexane as working media. This can also be seen by inspecting the T-Q diagram in Fig. 4 , where the area between the temperature of off-gas line and the temperature of ORC line represents the exergy destruction. Such exergy destruction (area) is the smallest one for the case of cyclohexane as ORC medium. Table 3 reports also the minimum pressures for the three ORCs (pressure after the condenser). The highest minimum pressure (0.423 bar) is obtained with cyclopentane as working fluid. 
Fluid Cyclohexane Hexane Cyclopentane
Optimized system and future scenario
Based on the results presented in the previous section, an optimized system is thus proposed in which propylcyclohexane is selected as the working fluid in the ORC for further investigation. Furthermore, utilization factor and current density of SOFC are set to 0.9 and 100 mA/cm 2 respectively as the result of optimization investigation presented in [12] . In addition, the turbine inlet pressure is assumed to be 15.9 bar in the simulations. The results of such optimized system are presented in Table 4 . In the ongoing SOFC development, operating temperature is expected to decrease in order to reduce the investment cost [12] and therefore, simulations for two operating temperatures of 780°C (current development) and 650°C (future scenario) are performed; the results are presented in Table 4 . As can be noted, with the current technology (780°C) a plant efficiency of 62.9% is obtained, while for the future scenario (650°C) the plant efficiency will be 55.3%. A drop of 7.6 % points is obtained as a result of decreasing the operating temperature of the SOFC cells. This efficiency is still very high compared to the traditional technology. The obtained results are in line with the study of [13] in which a steam cycle was used as a bottoming cycle. The efficiency drop due to the lowering of the operating temperature of SOFC stacks is partially because of higher irreversibility (lower electrolyte conductivity) in SOFC cells which in turn decreases the cell voltages as well as power produced by SOFC stacks. Consequently, the thermal efficiency of the IGSORC cycle will decrease since the heat rejected from the topping is increased when cell operating temperature is lowered.
Discussion
The performance of the presented IGSORC is compared with the available data in the literature (both present and future technologies) for the electric power conversion of woodchips. The integration of gasification and gas engine analyzed in [25] has a thermal efficiency of 25.0%. Hence, the IGSORC can potentially increase the system performance of 26.4%-points. Based on the results reported in [15] and [34] , simple and double stage ORCs fired by woodchips present a poor thermal efficiency (25.3% and 34.8%) compared to the IGSORC (56.4%). At similar power output (scale), the integration of gasification with SOFC and a recuperated micro gas turbine studied in [9] presents a thermal efficiency of 55.0%. Hence, it competes well with the presented IGSORC in terms of system performance. Combined cycle integrated with a gasification plant have a thermal efficiency of 46.8% [35] but they are not applicable for the targeted net power output of this study since the lowest values reported in open literature refers to 8 MW e systems, which is significantly higher compared to the target of this study (kW class). Furthermore, it shall be noted that the overall performance of gasification, SOFC and steam cycle plant reported in [13] differs slightly (only 0.4%-points lower) from the IGSORC efficiency presented here. Regarding the selection of the best working fluid for the ORC, the results reported in section 4 suggest that fluids with high critical temperature are required to achieve a high thermal efficiency. The hexane family (propylcyclohexane, cyclohexane and hexane) is an optimal group for an IGSORC application.
Conclusions
A woodchips gasification plant integrated with a SOFC and an ORC plant is presented and thermodynamically analyzed. A net power output of 100 kW e with a cultivation area of about 0.5 km 2 is considered. The working fluid and inlet turbine pressure in the organic loop are selected with the genetic algorithm by setting constraints on maximum and minimum ORC pressure, health, fire and physical hazards. The results suggest that optimal fluid in terms of system performance is propylcyclohexane at 15.9 bar. When a limit at the outlet condenser pressure of 0.05 bar is imposed cyclohexane at 20.0 bar is the preferable working fluid. Results show that for the basic case, the overall thermal efficiency of the system is about 56.4%. A maximum efficiency of 62.9% can be obtained by increasing the utilization factor of SOFC to 0.9 and decreasing its current density to 100 A/mm 2 . Decreasing the operation temperature of the fuel cells to 650°C lowers the plant efficiency to 55.3%.
Compared to the other technology for conversion of biomass to electric power, the presented plant offers a plant efficiency which is almost double. Comparing a simple ORC with an advanced ORC plant, an improvement of more than 20%-points is obtained. This means that, for a given net power output, the cultivation area required by the system will be remarkably decreased (around 50%). Further, despite being significantly smaller the present concept competes (in terms of plant efficiency) with other similar plants presented in the literature such as integrated gasification and combined cycle, and integrated gasification with SOFC and steam cycle. Table A1 lists the thermodynamic properties at the critical point of the working fluids relevant for context of present study. In the table the health hazard (HH), fire hazard (FH) and physical hazard (PH) according to the HMIS (Hazardous Materials Identification System) are also included. 
